A spreadsheet method for rapid estimation of the performance of ejector-augmented pulse detonation rocket (PDR) engines has been developed. The method integrates the Endo-Fujiwara analytic model of the PDR with a modified version of the ejector model developed by Heiser and Pratt. A quasi-steady ejector analysis is performed by solving the steady-state ejector equations at various time steps during the PDR cycle. Cycle-averaged performance is then obtained by averaging the performance parameters such as thrust augmentation ratio, specific thrust and specific impulse over the cycle. Applications of the spreadsheet model for design optimization of the integrated ejector-augmented PDR are presented to illustrate its design capabilities for specific flight conditions and for typical constant dynamic pressure trajectories.
the open end to the closed end, causing the burned gas to exhaust (6) . The pressure in the combustion chamber drops as the combustion products are expelled via a series of reflected expansion waves. Residual combustion products are purged from the chamber to prevent auto-ignition of the fresh fuel/oxidizer charge and the chamber is ready for the next fill cycle (6) . For the following analysis, the cycle time is assumed to be the sum of four distinct processes: detonation, exhaust, purge, and refill. A detonation chamber pressure and temperature profile based on the classical Zeldovich-von Neumann-Döring (ZND) model is shown schematically in Fig. 2 (adapted from Ref. 4) . The shock front is moving from left to right into an unburned fuel-air mixture. The high pressure region of unburned gas behind the shock is known as the von Neumann spike. Following a short ignition delay, typically on the order of 1 µs, chemical reactions are initiated and the energy release causes a decrease in pressure and an increase in temperature to levels predicted from CJ theory. An unsteady expansion is generated at the closed end of the chamber to satisfy the zero velocity boundary condition which reduces the CJ pressure 2 p to the end-wall pressure 3 p .
The von Neumann (VN) spike conditions are calculated by assuming a normal shock wave moves into the fueloxidizer mixture at a speed equal to the CJ velocity. Assuming a calorically perfect gas model, the VN spike conditions are given by the following equations ( ) where subscript o refers to the upstream unburnt state and subscript 1 refers to the VN state while o M is the Mach number of the detonation wave referred to the upstream state. The CJ wave speed is calculated with the NASA Chemical Equilibrium Application (CEA) code. 5 Typical initial conditions are shown in Table 1 , and the resulting VN and CJ conditions are given in Table 2 .
The PDR analysis follows the model presented by Endo and Fujiwara. 6 In this model, the CJ detonation wave is assumed to be followed by a self-centered Taylor rarefaction wave whose front boundary coincides with the tail of the CJ wave. Therefore, the flow conditions at the front of the wave are the CJ conditions. The flow conditions inside the rarefaction wave are given by is the exhaust gas mass flow rate per unit area. Since the blow down occurs through multiple reflections of isentropic expansion waves, the temperature distribution during the blow down can be calculated from the isentropic relation
The predicted end-wall pressure and temperature distributions are shown in Fig. 4 Also note that the temperature in the detonation chamber is still very high at the culmination of the blow down process, which agrees with previous CFD predictions and experimental observations, and illustrates the necessity for purging the residual combustion products prior to initiation of the next filling cycle. Otherwise, injection of a fresh fuel-oxidizer mixture into the detonation chamber will result in deflagration rather than detonation combustion, since the temperature is greater than the auto-ignition temperature. The pressure and temperature distributions shown in Fig. 4 are used as the equivalent total pressure and temperature variations with time in the subsequent quasi-steady ejector analysis described in the next sectionThe total cycle time, excluding purge and refilling times, , for the 1 m detonation tube length is 2.68 ms, which agrees to within 10 percent of the measured value from a recent test of in our 1 m detonation tube. Furthermore, the predicted end-wall pressure during the detonation phase of the cycle agrees with measured end-wall pressure distributions.
III. Ejector Model
The ejector model is based on an adaptation of the steady-state ejector model developed by Heiser and Pratt.7 The model is illustrated in Fig. 5 , and is based on the following assumptions 
IV. Validation
The predicted cycle time for the PDR agrees with observed cycle times for a 1 m long detonation engine that is currently being tested. Furthermore, the predicted end-wall pressures agree very well with measured end-wall pressures for an earlier PDR. 9 Comparisons of pressure and temperature distributions within the PDR also agree well with CFD simulations.
10 Furthermore, the performance trends predicted from the current model agree with trends predicted by the CFD simulations in Ref. The time-averaged results from the quasi-steady flow model are quite close to the results of the cycle-averaged model, as shown in Fig. 7 . These curves also show the cycleaveraged results from optimization studies of the ejectoraugmented PDR that are discussed in more detail in the following section.
VI. PDR Optimization
The current analytical method is ideally suited for rapid, preliminary optimization of the performance of the ejectoraugmented PDR. Two specific illustrative examples are shown in Figs. 8 and 9 . Fig. 8 shows the effect of area ratio on ejector performance for a flight Mach number of 2. The area ratio is seen to have a significant effect on performance. An increase in area ratio causes a slight increase in ejector pressure ratio during the detonation part of the cycle; however, the pressure ratio falls more rapidly during the blow down part of the cycle at higher area ratios. Higher area ratios uniformly increase the instantaneous values of thrust augmentation ratio, specific thrust and specific impulse, leading to higher cycle-averaged values for each of these parameters, as shown in Fig. 7 . For example, when the area ratio is increased from three to nine, the thrust augmentation ratio, the specific thrust and the specific impulse all increase by a factor of about two. . Figure 9 shows the effect of flight Mach number on ejector performance for a fixed area ratio of five. The ejector pressure ratio initially increases with increased Mach number to a peak value at Mach 2.5 and then decreases as the Mach number continues to increase. Similar trends are observed in the augmentation ratio, specific thrust, and specific impulse. 
VII. Performance Estimate for a Typical Constant

VIII. Summary and Conclusions
An analytical model for predicting performance of an ejector-augmented pulse detonation rocket has been developed. The PDR performance is calculated using the Endo and Fujiwara model. 6 PDR performance is calculated at specific times during the PDR cycle, and the resulting end-wall pressure and temperature values are employed as the representative stagnation point values for the primary flow in the Heiser and Pratt steady flow ejector model. 7 The model is implemented via a spreadsheet, which allows for rapid performance estimates to be made for design optimization. Also, rapid performance estimates for representative trajectories are possible with this analytic tool. Performance parameters, such as the cycle time, end-wall pressures, and internal pressure and temperature distributions for the PDR agree well with our experimental data. 
